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• Oil spill risk quantified as a function
of oiling susceptibility, concentration,
frequency, and beaching time.

• Overall, the average oil beaching time
was more conservative than other
indicators.

• While hazard metrics agreed along
simple morphology shorelines, differ-
ences were encountered with complex
morphologies.

• These differences affect risk quantifica-
tion, highlighting the need to examine
the multifaceted hazards of oil pollution.

• An integrative hazard index that can be
applied across the Mediterranean is
proposed.
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Oil pollution in the Mediterranean represents a serious threat to the coastal environment. Quantifying the risks
associated with a potential spill is often based on results generated from oil spill models. In this study,
MEDSLIK-II, an EU funded and endorsed oil spill model, is used to assess potential oil spill scenarios at four
pilot areas located along the northern, eastern, and southern Mediterranean shoreline, providing a wide range
of spill conditions and coastal geomorphological characteristics. Oil spill risk assessment at the four pilot areas
was quantified as a function of three oil pollution metrics that include the susceptibility of oiling per beach seg-
ment, the average volume of oiling expected in the event of beaching, and the average oil beaching time. The re-
sults show that while the three pollution metrics tend to agree in their hazard characterization when the
shorelinemorphology is simple, considerable differences in the quantification of the associated hazard is possible
under complex coastal morphologies. These differences proved to greatly alter the evaluation of environmental
risks. An integrative hazard index is proposed that encompasses the three simulated pollutionmetrics. The index
promises to shed light on oil spill hazards that can be universally applied across the Mediterranean basin by in-
tegrating it with the unified oil spill risk assessment tool developed by the Regional Marine Pollution Emergency
Response Centre for the Mediterranean (REMPEC).
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1. Introduction

The Mediterranean basin extends over an area of 2.5 M km2

representing only 0.8% of theworld's sea surface and 0.3% of its volume,
but it is characterized with a heterogeneous typology and rich
ecosystem that hosts ~8% of the world's biodiversity (WWF, 2015;
UNEP-MAP, 2012; Coll et al., 2010; Bazairi et al., 2010; Olson et al.,
1998). It is considered an important hub for trade and is known to be
one of the busiest waterways worldwide, encompassing 15% of the
world's shipping activity and 10% of vessel deadweight tonnage with
~200,000 commercial ships passing through it annually (UNEP-MAP,
2012). As a result, the basin is considered highly vulnerable to pollution
(Gürlük, 2009). Its vulnerability stems from its intrinsic physical charac-
teristics and anthropogenic activities along its coastline, with the threat
of oil spills being of particular concern due to the presence of offshore
rigs, oil-related operations, and heavy oil traffic (Abdulla and Linden,
2008). These factors alongwith recent important oil and gas discoveries
and production in the Levantine basin compel observance for oil spill
hazards and risks along theMediterranean. Whether they occur as a re-
sult of tanker accidents, rig explosions, loading/unloading incidents,
storage leakage, or acts of war, oil spills represent a serious concern
both environmentally, due to their adverse impacts on coastal ecosys-
tems, and socio-economically, given their impacts on activities along
the coastline.

In the event of an oil spill, its slick trajectory is of interest to direct
available resources towards control and mitigation. The movement of
the oil slick is simulated as a function of prevailing winds, currents,
and wave conditions, while also accounting for the physical, chemical
and biochemical processes affecting the oil (Olita et al., 2012). Mathe-
matical modeling is often relied upon for this purpose to simulate the
transport and weathering of oil once an accident occurs (El-Fadel,
et al., 2012; Darras, 1982; Baruque, et al., 2010) or to better prepare
emergency response plans in anticipation of a potential incident. More-
over, oil spill modeling is used both for hindcasting or forecasting
purposes.

While oil spill modeling has historically focused on simulating the
fate and transport of actual spills, either as part of an oil spill response
(Berry et al., 2012; El-Fadel, et al., 2012; Baruque, et al., 2010; Wang
et al., 2005; Al-Rabeh et al., 1992; Galt et al., 1991; Al-Rabeh et al.,
1989; Darras, 1982) or as part of model validation (Chao et al., 2003;
Elhakeem et al., 2007; French-McCay, 2004), the integration of oil spill
modeling within national oil spill contingency plans has been gaining
ground and is now considered as an essential tool in risk assessment
procedures and emergency response planning (IPIECA, 2008, 2015a,b;
REMPEC, 2005; UNEP, 2005). Oil spill risk assessments aim to quantify
the probability of damaging consequences following a spill over a cer-
tain period of time (Castanedo et al., 2009). Various methods have
been developed to assess oil spill risks based on empirical and intuitive
approaches while others are simulation-based (Stewart and Leschine,
1986).

This study adopts the second approach to examine the risks posed
by potential oil spills along the Mediterranean coastline by quantifying
the hazards associated with a spill and accounting for the sensitivity of
the shoreline. Several hazard indices are developed including the prob-
ability of oil slick contact at a given shoreline, the average concentra-
tions of oil stranding onto the shore, as well as the mean time of oil
shoring. Differences in risk characterization between these metrics is
then assessed and linked to geomorphological characteristics of the
coastline. For this purpose, several scenarios covering a range of spill
conditions, shorelines, and weathering conditions, were tested at four
pilot areas to develop a new assimilative oil spill hazard metric for use
along the Mediterranean coastline. The integration of the developed
oil spill hazard metric within the existingMediterranean-wide decision
support system is also explored. Emphasis is placed on the opportunity
to optimize response following an event with regards to resource
deployment.
2. Material and methods

2.1. Study pilot areas

Within the framework of the European Union (EU) Great Med Pro-
ject, four Mediterranean countries were considered in the analysis,
namely France and Italy on the northern Mediterranean coastline, Leb-
anon on the Eastern coastline, and Tunisia on the southern coastline
(Fig. 1). In each country, the coastal vulnerability and exposure to po-
tential oil spills were assessed. In France, the Provence-Alpes-Côte
d'Azur (PACA) region was chosen. It includes many protected sites, na-
tional parks and reserves, several important wetlands, a significant
touristic sector, and established sustainable agriculture practices. The
potential oil spill focused on the area in the vicinity of the city of Mar-
seille, which contains four oil refineries, a thermal power plant, the
port of Marseille, and the harbor of Toulon (SRADDT, 2014). In Italy,
the Gulf of Cagliari was selected; the area is rich in archaeological
sites, sensitive and natural protected areas, and touristic attractions
with beaches. The coast of Cagliari hosts many oil storage facilities, in-
cluding an oil refinery, petrochemical plants, numerous oil storage
tanks, a gasification combined cycle (IGCC) plant, the Cagliari-Elmas
“Mario Mameli” International Airport, and the Port of Cagliari. The
Lebanon study area extends from the capital city of Beirut up to the his-
torical city of Byblos, a UNESCOWorld Heritage Site. Fuel storage tanks,
pipelines, and thermal power plants in the area pose a major source of
potential oil pollution. The fourth site was the gulf of Gabes in Tunisia,
which is the most productive fishing area in the country and is charac-
terized by rich diversity and a multitude of landscapes. Within the
Gulf, the ‘La Skhira’ oil terminal is a potential oil spill source of concern.

Spill scenarios were defined for each pilot area based on potential
failure at existing sources. For each scenario, the spill volume as well
as the time and duration of the spill were defined along with the type
of the oil spilled (Table 1). In France, the spill was presumed to occur
at the Marseille Port with heavy crude oil. At the Gulf of Cagliari in
Italy, the spill scenario consisted also of a heavy fuel oil with vacuum
residues, occurring at a power plant. In Lebanon, the Dora oil storage
tanks represent the largest oil handling facility along the pilot area,
with light fuel being the most likely spill type. Finally, the Tunisian sce-
nario was defined as a light fuel oil spill occurring at the port of Gabes.

2.2. Spill simulations and hazard assessment

The oil spills were simulated using the deterministic MEDSLIK-II nu-
merical model, adopted by the Regional Marine Pollution Emergency
Response Centre for theMediterranean (REMPEC). Themodel simulates
the fate of oil in the environment based on Lagrangian transport of the
spilled slick coupled with weathering factors (Dee et al., 2011; De
Dominicis et al., 2013a, 2013b). Wind and currents form the model's
main forcing functions. Wind data were acquired from the European
Centre for Medium-Range Weather Forecasts (ECMWF) interim global
atmospheric reanalysis (Dee, et al., 2011); the data is distributed at a
geographic resolution of 0.5 × 0.5 degrees, with a temporal resolution
of 6 h. Currents data were acquired from theMediterranean forecasting
system daily oceanographic analyses (Dobricic et al., 2007); the data are
distributed on a 0.0625× 0.0625degrees gridwith a daily time step. The
year 2013was selected as the base year for all simulations. A spatial res-
olution of the simulated domain was set at 50 × 50 m offshore and be-
tween 50 and 10 m resolution near the shoreline. Themaximummodel
runtime possible is 5 days, whichwere adopted with a temporal resolu-
tion of 1 h.

While MEDSLICK-II is a fully deterministic model, recent efforts
explored expanding its capabilities to permit stochastic modeling.
CranSLIK is currently an experimental stochastic variant of MEDSLIK-II
that can probabilistically account for changing wind and current condi-
tions (Rutherford et al., 2015). In this study, a hybrid-modeling ap-
proach, which involved both stochastic and deterministic modeling,



Fig. 1. Pilot areas for assessing oil spill hazard along Mediterranean shorelines (a) Provence-Alpes-Côte d'Azur (PACA) in France, (b) Gulf of Cagliari in Sardinia, Italy, (c) Beirut-Byblos
coastline in Lebanon, and (d) Gulf of Gabes in Tunisia.
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was adopted to quantify shoreline exposure and risk. The stochastic ap-
proach accounted for the variability introduced by varying winds and
current conditions over an entire year. This approach entailed initiating
the spill scenarios over all days in the selected 2013 simulated year.
Thus each run was allowed to develop over a five-day period, resulting
in 360 possible simulations for each pilot area. This ensemble of
deterministic scenarios provided a more realistic assessment of poten-
tial exposure along shorelines, while accounting for variability in
environmental conditions with three hazard metrics used to assess ex-
posure to oil pollution.

The first hazard metric examined the susceptibility of shorelines to
oiling. It was quantified by calculating the probability of being hit during
the simulation period at each beach segment. Oiling probabilities for
shorelineswere estimated by the number of hits during the 360 simula-
tions. A shoreline segment was defined as hit under a given simulation,
if it experienced oil contact during the five-day spill runtime. As such,
each shoreline segment was assigned a score between 0 and 360,
representing segments experiencing no oiling and those that experi-
enced persistent oiling across all 360 runs, respectively. A frequency-
based standardization approach was then adopted to weight the raw
score of each segment on a scale from 0 to 10. As such, an Empirical Cu-
mulative Density Function (ECDF) was constructed for each site using
the simulated number of hits. The site-specific ECDFwere used to assign
scores ranging between 0 and 10 to coastal segments.
Table 1
Oil spill simulated scenarios across the four pilot areas.

Study area Location Spill ra

France Fos Petrol Port- Fos Cavaou 520
Italy IGCC Power Plant 145
Lebanon Dora oil storage facilities 1000
Tunisia Port of Gabes 1000

⁎ API: American Petroleum Institute gravity.
The second hazard metric correlated oil hazard to the average
amount of oil shoring on each beach segment. The mean concentration
of oil stranded on each shoreline segment was calculated in terms of
tons of oil per km of length, averaged over the 360 spill simulations.
The concentrations of oil remaining on the last day of each simulation
were used in the averaging process. A similar frequency-based ECDF
standardization approach was adopted to map average concentrations
to a scale ranging between 0 and 10.

Lastly, the third hazard metric examined the average time needed
for oil to beach on a given segment. Time to beach was calculated as
the minimum time in hours before oil hits the coastline in a given run.
Beach segments were assigned raw scores ranging between 0 and
120, with the former assigned to beaches that are hit immediately and
120 to beaches that are hit on the last day. Beaches that are never hit
during the five-day simulation periodwere given a score N 120. In an ef-
fort to standardize the time to beach hazard, 1minus the ECDFwas used
to map the recorded concentrations to a scale ranging between 0
(N120 h time to beach) and 10 (0 h time to beach).

Note that while one would presume that the three hazard metrics
would be correlated, differences between them are possible. A site
may be hit rapidly and frequently but it may only experience low oil
concentrations. Similarly, there are sites that have a low oiling probabil-
ity but oiling happens shortly after a spill and they may receive high oil
volumes. As such a Weighted Assessment of Shoreline Hazard (WASH)
te (t/h) Spill duration (h) Oil Type – API⁎

48 17
2 16
24 46
24 46



Table 2
ESI value and coast types based on the modified NOAA classification.

ESI value Coast description

1A Exposed high rock shores
1B Exposed artificial coastal structures
2 Exposed low impermeable shores
3 Compact clay or muddy sand beaches
4 Sandy beaches
5 Mixed sand and gravel beaches
6A Gravel and pebbles beaches
6B Shores with big natural rocks
6C Artificial reef
7 Exposed tidal flats
8A Sheltered high rocky shores
8B Sheltered artificial coastal structures
8C Sheltered low impermeable shores
9 Sheltered tidal flats
10 Marshes and brackish shores
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index is proposed, whereby the arithmetic mean of the three metrics is
used to better characterize the total hazard for each coastal segment in
the four pilot areas.

2.3. Shoreline environmental sensitivity index (ESI)

The US National Oceanic and Atmospheric Administration (NOAA)
oil spill Environmental Sensitivity Index (ESI), which ranks each shore-
line segment based on its slope and substrate type, was used to quantify
shoreline vulnerability. Both slope and substrate can affect oil penetra-
tion, burial andmovement, as well as exposure to waves and tidal ener-
gy (NOAA, 2002; IPIECA-IMO-OGP, 2012). The NOAA ESI ranges from 1
to 10, with increasing numbers representing increased susceptibility to
damage by oiling. Given the differences in shoreline typology between
theUS and theMediterranean, amodified ESI scalewas adoptedwhere-
by relevant coastline types were retained (Table 2) (De Santoli et al.,
2011). The reduced set of ESI indices accounted for the natural coastline,
water stretches, and artificial features (Gugliermetti et al., 2007).

The shoreline typology for the four pilot areas was defined based on
a detailed analysis of satellite/aerial images (Google Earth and ESRI im-
agery) and recent landuse/landcover maps coupled with field surveys
for ground ascertainment. Satellite and aerial photos were first
consulted to generate a preliminary shoreline classification, which
was refined through field surveys that aimed to verify the initial classi-
fication and resolve ambiguous locations. ArcGIS was used for the
digitization of the shoreline and the typology. The ESI classification
score were also incorporated in the attribute table of site-specific
georeferenced shoreline data.
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Fig. 2. Oil hazard indices as a function of spill distance along the French coast near Marseille. *W
axis: West of the spill.
2.4. Oil spill risk assessment

Risk is usually defined as the potential loss associated to a certain
hazard and relates potential adverse effects to hazardous events
(Cardona et al., 2012). Accordingly, risk assessment involves both haz-
ard and vulnerability quantification. As such, the final risk index for
each segment was defined as the product of hazard and vulnerability
(Van Niekerk, 2011). Similar to the hazard and sensitivity indices, its
range was set to vary between 0 and 10, from lowest to highest risk.

2.5. Management framework

The potential of theWASH-based risk index alongwith the informa-
tion generated from the three hazardmetrics is highlighted towards the
development of an oil spill management framework. The latter links the
spill hazard assessment with the Decision Support System (DSS) of
REMPEC and available guidelines for management and emergency
responses generated by the International Petroleum Industry Environ-
mental Conservation Association (IPIECA) to select appropriate man-
agement actions.

3. Results and discussion

3.1. Oil spill hazard quantification

In Marseille, the simulated number of hits, concentrations, and time
to beach along the coastline are depicted in Figs. 2 and 3. The hazard
based on the number of hits proved to be highly correlated with the
hazard quantified as a function of average yearly-beached oil concentra-
tions, with a Pearson's correlation coefficient of 0.98 suggesting that
shorelines likely to get hit by oil are also highly susceptible to receive
high oil volumes. Correlations were also found between the time to
shore hazard and the two other indicators (0.73: number of hits-time;
0.72: concentration-time) suggesting that coasts most likely to be hit
and/or the ones with high beached oil concentrations, also tend to be
hit over a very short time period. While positively correlated, the time
to shore hazard tends to show less spatial dynamics when compared
to the other two metrics because the time to beach is less affected by
coastal morphology and more dependent on the distance between a
site and a spill location and decreases accordingly. Yet, this decrease is
more pronounced west of the spill, primarily due to the prevalent cur-
rent directions in the area. The spread of the oil spill was limited to an
80 km East–West coastal stretch.

The proposedWASH hazard is close to the individual hazard indices.
Sites that appear to be most affected are located in the bay around the
spill location due to the circular South-East currents within the bay.
0410904

e  (km)

Hazard based on average concentration
WASH

ASH (weighted assessment of shoreline hazard) – Positive X axis: East of the spill; Negative X



(a) Number of hits (b) Average Concentration (t/km)

(c) Average time to hit (h) (d) Weighted Hazard Index

Fig. 3. Oil spill hazards based on simulations along the French shoreline near Marseille.
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Discrepancies between the three indices were rare; but when observed
they were mainly due to the morphology of the coastline. For instance,
the bays of the ports of Fos and Saint Louis De Rhone, at 5 and 17 km
West of the spill, exhibited a prompt decrease in both the probability
of hit and in the concentration-based hazard indices. Such a drop was
not evident in the time to beach hazard.

In Cagliari, the hazard outcomes representing the number of hits,
concentrations, and time to beach along the coastline are depicted in
Figs. 4 and 5. The sites that were the most frequently hit were located
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Fig. 4. Oil hazard indices as a function of spill distance along the Italian coastline in Cagliari. *W
axis: East of the spill.
between 10 and 40 Km west of the spill location. The bay of Cagliari
was not highly affected by the simulated spill. The prevailing current ro-
tation in the bay moved the oil slick away from the bay towards the
west.Moreover, the shorelinemorphology appears to play an important
role in protecting the bay itself. The area between 10 and 30 Kmwest of
the spill experienced the highest amount of beached oil; meanwhile the
area between 0 and 23 Km east of the spill was protected against the
beaching of large quantities. A comparison between the three hazard
metrics shows that the three indices are similar only in the first 30 Km
50 70 90

ce  (km)

Hazard based on average concentration
WASH

ASH (weighted assessment of shoreline hazard) – Positive X axis: West of the spill; Negative X



(a) Number of hits (b) Average Concentration (t/km)

(c) Average time to hit (h) (d) Weighted Hazard Index

Fig. 5. Oil spill hazards based on simulations along the Italian coastline in Cagliari.
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east of the spill. The oil concentration and time to beach based hazard
indices exhibited higher hazards west of the spill as compared to the
hazard associated with the probability of being hit. Moreover, the latter
hazard appears to also decrease linearly as a function of distance mea-
sured from the oil spill location; the other two hazards showed a
more spatially variable dynamic, with the highest hazards occurring be-
tween 60 and 70 km west of the spill site. The number of hits for each
beach segment is moderately correlated with the average yearly con-
centrations of beached oil-based hazard, with a Pearson correlation
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Fig. 6. Oil hazard indices as a function of spill distance along the Lebanese coast. A: Airport H
assessment of shoreline hazard) – Positive X axis: North of the spill; Negative X axis: South of the s
coefficient of 0.67. This indicates that for many beaches in Cagliari, a
large number of hits does not necessarily suggest having large volumes
of oil shoring if the beach is hit. The time to hit-based hazard was found
to show low spatial variability as compared to the two other hazards.
The time to beach hazardwas found to vary as a function of the distance
to the spill location and was also affected by the current directions.
When the slick was moving west of the spill location, its travel time
was shorter given the prevailing current in this direction. The WASH
index for Cagliari (Fig. 4) showed that the beach segment with the
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ead; B: Ras Beirut Head; C: Jounieh Bay; D, E, F: other primary bays. *WASH (weighted
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highest hazard index is located 10 Kmwest of the spill location. The two
most affected locations are two bays located west of the spill site; both
bays appear to trap the drifting oil.

In Lebanon, the hazard based on the number of hits was highly cor-
related to that based on average oil concentrations, with a Pearson cor-
relation coefficient of 0.93, indicating that many beaches frequently hit
by oil will also be associatedwith high oil concentrations (Figs. 6 and 7).
High correlations were also found between the time to beach and the
other twometrics (0.77: number of hits vs. time to beach; 0.76: average
concentration vs. time to hit). These results suggest that the shoresmost
hit or with the highest residual concentrations tend to be also hit over a
(a) Number of hits

(c) Average time to hit (h)

Fig. 7. Oil spill hazards based on simulations along the Lebanese coast. A: Airp
short time period. As expected, the time-based hazard was consistently
decreasing with distance from the spill locationwith relative insensitiv-
ity to the changing coastal morphology. Based on the time-based
hazard, northern shorelines tend to have more pronounced hazards as
compared to southern coastlines due to the prevailing North-Easterly
currents in the area. Across the three hazard indices, the coastal zones
most affected by the oil spill were located within 10 km North-East of
the spill location also because of the prevailing northwardly currents.
South of the spill, hazard indices were relatively low as compared to
those in the north. In the south, highest hazards are encountered at
the airport head (A) and at the Ras Beirut head (B). Areas between
(b) Average Concentration (t/km)

(d) Weighted Hazard Index

ort Head; B: Ras Beirut Head; C: Jounieh Bay; D, E, F: other primary bays.
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these two heads have the lowest hazards due to the sheltering effect
created by the Beirut head that tends to deflect southbound currents
over a ~ 10 km stretch. North of the spill, hazard levels exhibited more
spatial fluctuations, with highest levels encountered in exposed bays
and at heads. The lowest levels were attained at protected bays like
Jounieh bay (C) and other primary bays (D, E, F).

In Tunisia, areas north and south of the spill appear to be equally af-
fected (Figs. 8 and 9). Hazards based on the number of hits were highly
correlated to those based on the average yearly concentrations of shor-
ing oil, with a Pearson correlation coefficient of 0.97. Similarly high
(a) Number of hits

(c) Average time to hit (h)

Fig. 9. Oil spill hazards based on simu
correlation was found between the time based hazard and the two
other metrics (hazard based on average concentration: 0.96; hazard
based on number of hits: 0.98). The high correlation is due to the rela-
tively simple shorelinemorphology, resulting in a linear decay of hazard
away from the spill. The WASH index dropped by 0.26 and 0.71/km
moving south and north, respectively. These differences are due to pre-
vailing current directions whereby surface currents tend to move to-
wards the south, helping to carry the oil over longer distances. The
highest concentrations and number of hits are encountered around
the spill location.
(b) Average Concentration (t/km)

(d) Weighted Hazard Index

lations along the Tunisian coast.
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The WASH multi-parameter index provides a holistic characteriza-
tion of oil spill risks. The importance of adopting multi-parameter risk
assessment indices is well recognized in the environmental field, with
the development and adoption of several multi-parameter environ-
mental indices (Ott, 1979; Pesce and Wunderlin, 2000; Cheng et al.,
2007; Kyrkilis et al., 2007; Abbasi and Abbasi, 2012; Srebotnjak et al.,
2012). While some oil spill modeling platforms (e.g. Oilmap and
MEDSLIK-II) are capable of quantifying the multifaceted hazards of an
oil spill, the common practice for oil spill assessment remains focused
on tracking oil trajectories post a given incident. The latter approach is
key for oil spill response, but ts role for contingency planning ismargin-
al. IPIECA has recognized the importance of adopting stochastic oil spill
modeling for corresponding risk assessment and response planning
(IPIECA, 2015a,b). Yet, there is currently nomechanism towards formal-
ly combining the various model generated hazard assessment metrics
into a unifiedmetric such as the proposedWASH index. The integration
ofWASHwithin REMPEC'sMEDESS-4MSDSS should prove valuable, es-
pecially for Mediterranean coastlines with complex geomorphology.

3.2. Shoreline environmental sensitivity index (ESI)

The shoreline vulnerability varied considerably within each study
area as well as across areas (Fig. 10). The highest vulnerability was en-
countered in Cagliari, while the least vulnerable coastline stretched be-
tween Beirut and Byblos in Lebanon due to large-scale anthropogenic
shoreline alterations that transformed long segments of the coastline
(a) France: Marseille

(c) Lebanon: Dora

Fig. 10. Environmental Sensitivity Ind
from their natural beaches to exposed artificial coastal structures and
low impermeable shores which are associated with a low vulnerability
index. In Cagiliari, the high vulnerability reflects the predominance of
sandy beaches and shores with natural rocks. In Marseille, the predom-
inance of exposed high rocky shores and exposed low impermeable
shores reduces the vulnerability of the area. Similarly, a high vulnerabil-
ity index is encountered along the coastline of Gabes in Tunisia due to
the presence of mud flats and natural rocky shores.

3.3. Oil spill risk assessment

Oil spill risk maps for the four study areas were generated based on
the WASH hazard and the ESI-based coastline vulnerability results
(Table 3 and Fig. 11). The risk maps showed that in Cagliari, the risk ex-
hibited strong spatial variability. This large variability can be explained
as a function of the complex shoreline typology in the area, which af-
fects the shoreline vulnerability and results in the divergence amongst
the three oil hazard metrics of WASH. The risks along the Lebanon
shoreline also showed strong spatial variability, as evident by a high
standard deviation on risk. High risks were encountered in the few re-
maining natural coastal areas with high vulnerability, which tended to
concentrate around the spill location and distributed around some
bays along the coast, where the oil may get trapped and reach sensitive
areas. In France, only a small number of shoreline segments were asso-
ciated with high risk (3.4%). While low in number, they did record risks
as high as 10 with the highest risks encountered just east at the spill
(b) Italy: Cagliari

(d) Tunisia: Gabes

ex at the four oil spill pilot areas.



Table 3
Summary of the WASH-based risk index results.

Risk France Italy Lebanon Tunisia

Mean 1.21 0.17 2.14 1.08
Minimum 0 0 0.15 0
Maximum 10.00 8.96 8.63 8.7
Standard Deviation 1.72 1.05 1.87 2.29
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location. In Gabes, Tunisia, the sensitivity of the coastline was relatively
invariable over space and as such the riskwas largely dominated byhaz-
ard rather than the vulnerability. The risk followed the same pattern as
the hazard, with highest values co-located around the spill and risks de-
creasing with distance away from the spill (Fig. 11). Given the impor-
tance that the shoreline sensitivity plays in modulating the hazards
and in determining the ultimate risks, there is a need for REMPEC to de-
velop a unified basin-wide ESI. The work of De Santoli et al. (2011) is a
first step towards achieving such a goal.

3.4. Management framework

In the event of an oil spill, it is critical that an appropriate response
strategy is put in place early on and that environmentally sensitive
areas are given a higher priority in the response plan. Clearly, mitigation
and clean up measures are dependent on the oil type, volume of oil
shoring, location of the spill, prevailing weather conditions, available
(a) France: Marseille

(c) Lebanon: Dora

Fig. 11.WASH-based risk indic
resources, and the time it takes for a site to get hit. While REMPEC's
MEDiterranean DEcision Support System for Marine Safety (MEDESS-
4MS) and IPIECA provide detailed spatial inventories of available re-
sponse resources, the deployment of these resources still need to be op-
timized based on a careful assessment of quantified hazards. The risk
quantification methodology presented in this study can provide the
backbone for the development of such plans. In the case a spill is initiat-
ed in a study area, the shorelines thatwere found to have low sensitivity
and not expected to receive large volumes of oil should be left alone to
allow the natural weathering activities to breakdown the small residual
concentrations of beached oil. On the other hand, booms, dispersants,
and skimmers can be mobilized along the trajectory of oil in an effort
to intercept and protect sensitive areas expected to receive large vol-
umes of oil (OSHA, 2010; NOAA, 2016; IPIECA, 2008). While this ap-
proach is often efficient, it invariably requires significant time for
mobilization and deployment. As can be discerned from the time to
shore hazard index, many sensitive sites are hit shortly after a spill;
thus the use of booms and skimmers will likely have limited effective-
ness for those sites. Under such cases, the focus for early hit sites should
be on the preparation of beach cleanup operations (IPIECA-OGP, 2015a).
Therefore, the deployment of booms and skimmers can focus on
protecting critical coastal resources that have sufficient head time be-
fore the slick reaches the shore. Similarly, the use of dispersants is
based on the type of spilled oil, with increased effectiveness with light
oil types, and the time it takes for the oil to shore (NOAA, 2016; OSHA,
2010). Some cases may require controlled in-situ burning when large
(b) Italy: Cagliari

(d) Tunisia: Gabes

es for the four pilot areas.



244 A. Al Shami et al. / Science of the Total Environment 574 (2017) 234–245
amount of oil is spilled away from the land and sufficient time to reach
the shore is available (IPIECA-OGP, 2013; IPIECA-OGP, 2015b). The me-
chanical recovery of stranded oil could be effective when heavy oil is
spilled and large amounts of oil are stranded to the shore (IPIECA-
OGP, 2015b). This technique is considered as a quick response to a
spill and therefore sufficient time to beaching is not required
(IPIECA-OGP, 2013; IPIECA-OGP, 2015b). On the other hand, sediment
reworking/tilling or the use of vacuum units are suggested to breakup
oily sediments and increase aeration (Dawg, 2015). Therefore, they
can be made available in close vicinity of shorelines that have a high
probability of oiling albeit with low volumes of oil shoring. In cases
where high amounts of oil are trapped, in-situ washing may be used
(IPIECA, 2008; IPIECA-OGP, 2015b). Low amounts of oil stranding on
sandy beaches may be cleaned by a harrowing/ploughing technique,
which is also used to enhance natural recovery (IPIECA, 2008;
IPIECA-OGP, 2015b). The adoption of other oil spill response mitigation
measures such as bioremediation, the use of solidifiers, sorbents and
manual recovery are less dependent on the type of hazard being
assessed (ITOPF, 2014; OSHA, 2010; Dawg, 2015; NOAA, 2016; IPIECA,
2008; IPIECA-OGP, 2015b).

4. Conclusion

Potential oil spills at pilot areas along the northern, eastern, and
southern Mediterranean were simulated using MEDSLIK II. Oil hazard
was assessed using three different metrics: susceptibility of oiling per
beach segment, the average volume of oiling expected in the event of
beaching, and the average oil beaching time. The results indicate that
while the three indices largely agreed when the shoreline morphology
is simple, considerable differences in the quantification of hazards
were encountered with complex morphologies, like the ones observed
at Cagliari, Italy and Beirut, Lebanon. These differences in hazard greatly
affected risk quantification, highlighting the need to examine themulti-
faceted hazards of oil pollution. Overall, the average oil beaching time
was more conservative than the remaining two hazard indices. In this
regard, the WASH index was proposed as a compromise between the
three commonly used hazard indices. TheWASH index can also be com-
bined with the information on the difficulty of cleaning the beached oil
to better guide mitigation measures. Ease of beach cleanup is often
assessed as a function of the type of oil, the accessibility of the site, as
well as available resources (material and personnel). As such, the
WASH hazard tool has the potential to be coupled with the existing
DSS system that is maintained by the REMPEC.
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